The coupling mechanism between endoplasmic reticulum (ER) Ca 2+ stores and plasma membrane (PM) storeoperated channels (SOCs) remains elusive [1] [2] [3] . STIM1 was shown to play a crucial role in this coupling process [4] [5] [6] [7] ; however, the role of the closely related STIM2 protein remains undetermined. We reveal that STIM2 is a powerful SOC inhibitor when expressed in HEK293, PC12, A7r5, and Jurkat T cells. This contrasts with gain of SOC function in STIM1-expressing cells. While STIM1 is expressed in both the ER and plasma membrane, STIM2 is expressed only intracellularly. Store depletion induces redistribution of STIM1 into distinct ''puncta.'' STIM2 translocates into puncta upon store depletion only when coexpressed with STIM1. Double labeling shows coincidence of STIM1 and STIM2 within puncta, and immunoprecipitation reveals direct interactions between STIM1 and STIM2. Independent of store depletion, STIM2 colocalizes with and blocks the function of a STIM1 EF-hand mutant that preexists in puncta and is constitutively coupled to activate SOCs. Thus, whereas STIM1 is a required mediator of SOC activation, STIM2 is a powerful inhibitor of this process, interfering with STIM1-mediated SOC activation at a point downstream of puncta formation. The opposing functions of STIM1 and STIM2 suggest they may play a coordinated role in controlling SOC-mediated Ca 2+ entry signals.
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Results and Discussion
Store-operated Ca 2+ entry (SOCE), key to cellular regulation [1, 3, 8, 9] , has remained an enigmatic process [1, 3, 8] . Recent RNAi screens reveal that suppressed expression of the single membrane-spanning protein, STIM1, prevents SOCE [4, 5] and conductance through Ca 2+ -release-activated Ca 2+ (CRAC) channels [7] . The STIM1 protein is proposed as a ''sensor'' of Ca 2+ within stores [5, 6] ; this sensor's function is mediated via a single EF-hand Ca 2+ binding motif located in its N-terminal ER luminal domain.
Although STIM1 is clearly an activator of SOCs, the role of the close mammalian homolog, STIM2, has not been determined. STIM1 and STIM2 are widely expressed [10] and have almost identical EF-hand-containing N-terminal domains and transmembrane sequences (see Figure S1 in the Supplemental Data available with this article online). The cytoplasmic C-terminal domains contain nearly identical coiled-coil regions; thereafter, their sequences deviate toward the C terminus [10] . We compared the effects of overexpressed STIM1 and STIM2 on SOCE by using stably expressing clonal HEK293 lines. A comparison of STIM1 protein expression and thapsigargin (TG)-induced Ca 2+ entry in the preclonal line and individual clones is shown in Figures 1A-1C . The preclonal line showed little change in SOCE despite substantially elevated STIM1 expression, as observed earlier [4] . However, some clones displayed substantial increases in both the magnitude and rate of SOCE ( Figure 1B) ; these increases correlated with the gain in I CRAC observed in individual Jurkat T cells overexpressing STIM1 [7] . Because other clones showed only a modest SOCE increase despite substantial STIM1 expression ( Figures 1B and 1C) , this outcome suggests that other factors may limit the effectiveness of increased STIM1 expression.
STIM2 overexpression causes robust and profoundly different consequences. As shown in Figures 1D-1F , STIM2 expression in HEK293 cells results in almost complete inhibition in SOCE, with good correlation between STIM2 expression and suppression of SOC. In preclonal STIM2-expressing cells and selected STIM2-expressing clones, SOCE was almost eliminated, with cells having highest STIM2 expression (clone 4) showing the lowest SOC activity. Using PC12 cells stably overexpressing STIM2 in a Tet-off expression system, we observed strong inhibition of SOCE and a return of full SOCE after doxycycline-induced suppression of STIM2 expression (see Figure S2 in the Supplemental Data available with this article online). Substantial SOC inhibition by STIM2 was also observed in A7r5 smoothmuscle cells ( Figure S2 ). Thus, the inhibitory effect of STIM2 on SOC function is highly consistent among cells.
Although SOCE occurs in most cells, I CRAC is the only well-characterized SOC current and is clearly operational in hematopoietic cells [1, 3, 8] . Using Jurkat T cells, we examined endogenous I CRAC in response to BAPTAinduced store depletion. The I/V relationship was recorded after maximal activation in divalent cation-free solution (DVF) to maximize CRAC current. In normal Jurkat cells, the I/V profile ( Figure 1G ) reveals inward rectification and positive reversal potential typical of this highly selective Ca 2+ channel [3, 7, 8] . When Jurkat T cells were used to express STIM2 for 24 hr (selected by cotransfection of YFP), CRAC channel activity was almost completely eliminated ( Figure 1H) . Unexpectedly, the inhibition of I CRAC by STIM2 was not observed with the high . In separate studies ( Figure S3 ), STIM2 had no effect on canonical transient receptor potential 3 (TRPC3) channel function, indicating its specificity for SOCs.
Considering the opposing roles of STIM1 and STIM2 on SOCs, we examined whether the STIM1/STIM2 ratio was a determinant of SOCE. As shown in Figure 1J , we could substantially rescue SOCE in STIM2 stably expressing HEK293 cells by expressing STIM1; this result indicates a competitive effect on SOCE. Interestingly, although there was variation in the level of STIM2 expression in the different STIM1-expressing clones ( Figure S4 ), STIM2 expression did not correlate with SOCE, indicating that other factors likely contribute to this process. Although STIM2 overexpression substantially inhibited SOCE, siRNA-induced knockdown of endogenous STIM2 had little effect (data not shown). This result is in contrast to the modest SOCE inhibition reported in a different study that involved knockdown of STIM2 [5] . This is very different to knockdown of STIM1, which as a necessary mediator of SOC activation, cannot be compensated for [4] [5] [6] [7] . Thus, the less obvious phenotype of STIM2 knockdown may reflect its role as a regulator of SOCE, the function of which may be compensated by the robust mechanisms controlling intracellular Ca 2+ homeostasis. The profound effectiveness of STIM2 overexpression reflects that protein's likely role as an endogenous SOC regulator.
In addition to functioning as an ER Ca 2+ sensor [5, 6] , STIM1 has an important PM role in mediating SOC activation [7] ; these findings are consistent with earlier work revealing that a significant proportion of STIM1 is located in the PM [11, 12] . However, there is currently no information on the localization of STIM2. Using an antibody reacting with the extracellular portions of both STIM1 and STIM2 [10] , we studied surface expression in stably expressing HEK293 cells by flow cytometry. We observed a 6-fold increase in surface staining for STIM1-expressing cells, yet no change in surface staining of STIM2-expressing cells ( Figure 2A ). Further, we undertook surface biotinylation studies on STIM1-and STIM2 expressing HEK293 cells and used actin as a control to assess surface biotinylation specificity. After performing a pulldown of biotinylated proteins by using streptavidin beads, we detected prominent surface expression of STIM1 but not STIM2 ( Figure 2B ). The faint STIM2 surface biotinylation is actually lower than background biotinylation for actin, indicating negligible cellsurface localization of STIM2. In light of both the flow cytometry and biotinylation results, there is no evidence for STIM2 surface expression; this is in marked contrast to the prominent staining and functional PM-localization of STIM1. Consistent with these results, STIM2 contains a C-terminal ER-retention sequence (KKSK) that is absent in the STIM1 protein.
Distribution of STIM1 and STIM2 in response to store depletion was important to determine. Thus, Zhang et al. [6] reported that store depletion increased STIM1 surface expression. After store depletion with thapsigargin (up to 30 min), no change in surface biotinylation of either overexpressed STIM1 or STIM2 ( Figure 2C ) or endogenous STIM1 ( Figure 2D ) was detected. We have no obvious explanation for this difference in results. However, our results here and those earlier [7, 11] clearly establish that STIM1 is present in the PM even without store emptying. Moreover, not all proteins in a biotinstreptavidin complex are actually biotinylated-nonbiotinylated proteins can be pulled down in membrane-associated complexes. Thus, biotinylation studies may not be definitive in assessing PM insertion of STIM1. Our results are consistent with the study by Liou et al. [5] , who used a YFP antibody to determine that N-terminal YFP-labeled STIM1 did not appear in the PM after store depletion.
Although we did not observe PM insertion of STIM1 in response to store depletion, we did demonstrate a major change in the cellular distribution of STIM1. Thus, immunocytochemistry with a rabbit C-terminal STIM1-specific antibody reveals that STIM1 redistributes into puncta after store depletion in STIM1-expressing cells ( Figures 2E and 2F) ; this finding is entirely consistent with the recent work of Liou et al. [5] . Although our (B) HEK293-cell surface proteins were biotinylated and separated on streptavidin beads. STIM1 and STIM2 were detected by Western analysis using an anti-STIM1 antibody that crossreacts with STIM2. Actin was used as a control to detect nonspecific labeling of intracellular proteins. (C) HEK293 cells stably expressing STIM1 or STIM2 were treated with thapsigargin (TG; 2 mM) or vehicle for 10 min HEK293-cell surface proteins were biotinylated and separated on streptavidin beads. STIM1 and STIM2 were detected by Western blot using an anti-STIM1 antibody that cross-reacts with STIM2. (D) STIM1 surface biotinylation was similarly assessed in HEK293 cells that were stably expressing empty vector and that were treated with thapsigargin (TG; 2 mM) for 0, 15, or 30 min. In these experiments, equal input quantities from HEK293 cells expressing STIM1, STIM2, or empty-vector constructs were used. (E-H) Cells stably expressing STIM1 (E and F) (green), or STIM2 (G and H) (red), were treated with thapsigargin (TG; 2 mM [F and H]) for 10 min, then fixed, permeabilized, blocked and hybridized with a STIM1-specific antibody (E and F), or a STIM2-specific antibody (G and H), followed by corresponding 2º antibodies. studies do not pinpoint the location of puncta, the latter study revealed a close association of STIM1 puncta with the PM. In contrast, in STIM2-expressing cells, emptying of stores resulted in no detectable change in the distribution of STIM2 protein ( Figures 2G and 2H ). In this experiment we utilized a sheep C-terminal STIM2-specific antibody. Indeed, with this antibody we detected endogenous STIM2 in HEK293 cells along with the high level of STIM2 in overexpressing cells ( Figure 2I) .
Based on the earlier study showing STIM1 interacts with STIM2 [10] , we considered whether this interaction might underlie the effect of STIM2 on SOC function. In HEK293 cells, we clearly demonstrated an interaction between STIM1 and STIM2 ( Figure 2J ). Thus, in HEK293 cells stably expressing STIM2, a STIM1-specific antibody pulled down STIM2 with STIM1; as was detected with an antibody cross-reacting with both proteins. Although the data is not quantitative, the relatively equal size of STIM1 and STIM2 bands after immunoprecipitation may indicate a stoichiometric interaction between the two proteins.
The fact that STIM2 binds to STIM1 and fails to redistribute into puncta could be interpreted as suggesting that STIM2 inhibits SOC activation by preventing redistribution of STIM1. However, double staining of cells expressing both STIM1 (Figures 2K and 2L ) and STIM2 ( Figures 2M and 2N ) militates against this suggestion.
Prior to emptying stores, both proteins exhibited almost identical distribution (Figures 2O and 2P ). Treatment with thapsigargin caused both STIM1 and STIM2 to become redistributed into puncta ( Figures 2L, 2N, and 2P ). This means that overexpressed STIM2 does not block the distribution of STIM1 into puncta. Moreover, STIM2 only becomes visibly redistributed into puncta when STIM1 is coexpressed with it. This suggests that a stoichiometric association between STIM1 and STIM2 is required for redistribution of STIM2. This explains why STIM2 overexpressed alone blocks SOCs yet does not appear to redistribute into puncta ( Figures 2E and 2F) . When STIM2 is overexpressed at much higher levels than STIM1 (see Figure 1F) , the small fraction of STIM2 redistributing with STIM1 is undetectable.
Liou et al. [5] used evanescent-field microscopy to reveal that punctal STIM1 lies within 100 nm of the PMclose enough to directly couple to PM targets. We considered whether STIM2 may interfere with STIM1 PM coupling or whether it alters the priming of STIM1 by store depletion. We utilized a STIM1 EF-hand mutant that circumvents the upstream SOC activation pathway. EF-hand-mutated STIM1 in store-replete cells is distributed in puncta exactly as native STIM1 after store emptying [5] . We compared expression and function of both wt-STIM1 and the STIM1 mutant (D87A E87A) missing two crucial EF-hand-negative charges [5, 6] . Expressed in control cells, a large component of constitutive SOCE was observed with this mutant as compared with wildtype STIM1-or empty vector-transfected cells (Figure 3A) . Coexpression of the STIM1 EF-hand mutant in stable STIM2-transfected cells eliminated the constitutive entry ( Figure 3B) . Thus, the inhibitory action of STIM2 is the same on store depletion-activated STIM1 as on the constitutively active EF-hand mutant. Expression of wild-type STIM1 and mutant STIM1 were equivalent and unaffected by STIM2 expression ( Figure 3C) ; thus, STIM2 does not prevent expression of the STIM1 EF-hand mutant. STIM1 EF-hand mutant and STIM2 coexpressed in the same cells had an overlapping and punctal distribution (Figures 3D-3F) . Thus, in cells in which the ER remains Ca 2+ replete and essentially normal [5] , STIM2 is distributed with the constitutively active STIM1 mutant and has blocked its function. This indicates that STIM2 0 s site of action is within the puncta located adjacent to the PM and is consistent with STIM2 preventing the coupling necessary for SOC activation.
If STIM2 can operate independently of Ca 2+ store content, we predicted that an EF-hand mutant of STIM2 would still be effective. We made the equivalent STIM2 EF-hand double mutant (D80A-E91A) and observed that it inhibited SOC activation identically to wild-type STIM2 (data not shown). Thus, Ca 2+ binding to the STIM2 EF-hand is not required for its inhibitory action, a finding consistent with the failure of STIM2 alone to redistribute after ER Ca 2+ depletion. Finally, although no differences in the expression of the STIM proteins were observed ( Figure 3C ), we did note a significant shift in the apparent size of the STIM1 D76A-E87A mutant. This presents the intriguing possibility that function of the EF hand may regulate post-translational modification of the STIM1.
Overall, despite sharing close structural homology with STIM1, STIM2 has a very different role in the control of Ca 2+ entry. STIM2 strongly inhibits SOC activation, as opposed to the crucial facilitation of SOCs mediated by STIM1 [4] [5] [6] [7] . Currently, there are two models for STIM1-mediated SOC activation involving: (a) ''insertion'' of STIM1 into the PM after store depletion [6] and (b) ''interaction'' of ER STIM1 with the PM to activate the channel [4, 5, 7] . In an insertional model, binding of STIM1 to STIM2 (an ER-retained protein) could prevent STIM1 transfer into the PM. However, our results support the interactional model and are consistent with the immunolocalization studies of Liou et al., 2005 [5] . SOC activation involving ER-PM interactions is compatible with the ''conformational-coupling'' model [13, 14] supported by evidence that close interactions, but not ER-PM fusion, are involved in SOC activation [1, 3, [14] [15] [16] . The scheme in Figure 4 depicts STIM2 0 s role in preventing SOC activation through interactional coupling. In the store-replete resting state, SOCs are closed and STIM proteins are distributed throughout the ER (Figures 4A  and 4C ). STIM1 (green) is also present in the PM, where it is required for SOC activation [6, 7] . The effect of STIM2 (red, present only in the ER) is depicted as dependent on its ratio with STIM1. After store emptying, STIM1 and STIM2 become aggregated and organized within puncta close to the PM. When the STIM2/STIM1 ratio is low ( Figures 4A and 4B) , functional coupling to activate SOCs occurs; this is depicted as C-terminal interactions between ER STIM1 and PM STIM1 associated with the channel ( Figure 4B ) [6, 7] . When the STIM2/ STIM1 ratio is high ( Figures 4C and 4D) , puncta contains more STIM2 depicted as interfering with successful conformational coupling to activate SOCs ( Figure 4D ). Thus, expression and localization of STIM2 within puncta may be a key regulatory control process in the activation of SOCs. STIM2 may exert an important level of control over the activation of SOCs, and hence the mediation of longer-term Ca 2+ signals regulating transcription, cell growth, and proliferation. 2+ store depletion, STIM1 and STIM2 aggregate and redistribute together into puncta. Conformational coupling between STIM1 in the ER and STIM1 pre-existing in the PM activates the SOC channel. Although STIM2 is redistributed into puncta, the STIM1/STIM2 ratio is sufficient for successful SOC activation. (C) A cell with a high STIM2/STIM1 ratio at rest with ER Ca 2+ stores filled. (D) Upon Ca 2+ store depletion, STIM1 aggregates with STIM2 and moves into puncta. The high STIM2/STIM1 ratio in puncta prevents successful coupling to activate SOCs. Because STIM2 does not independently aggregate in response to store depletion (it requires STIM1), any excess STIM2 remains distributed in the ER.
